In swine nutrition, little is known about the vitamin D requirements for reproductive processes and bone health. Consequently, the vitamin D recommendation for sows during gestation and lactation is not based on scientific reports. The current study was undertaken to obtain information on the dose-response pattern of 2 vitamin D sources, the commonly used cholecalciferol, called vitamin D 3 , and a newly developed Hy·D product (25-hydroxycholecalciferol). In Exp. 1, a total of 160 gilts were randomly assigned from the first estrus 
INTRODUCTION
From previous studies on rats (Halloran and DeLuca, 1980) , vitamin D is known to be involved in reproduction and lactation. According to the NRC (1998) , no studies of the vitamin D requirement of sows during gestation or lactation have been reported. The official vitamin D requirement for gestating and lactating swine ranges from 200 to 1,000 IU/kg of feed (NRC, 1998; British Society of Animal Science, 2003) .
Supplemental vitamin D is usually added to animal feed in the form of cholecalciferol (vitamin D 3 ), which is transported to the liver and hydroxylated to D 3 ]. The concentration of 25(OH)D 3 in the circulation is considered a good indicator of vitamin D status in general (Bar et al., 2003) . Recently, 25(OH)D 3 has become commercially available and has been approved for use in poultry nutrition (Bar et al., 2003) . It is absorbed in the intestine better than vitamin D 3 (Bar et al., 1980) . However, in a recent study Vitamin D deficiency causes a disturbance in the absorption and metabolism of Ca and P that may result in insufficient bone calcification. In young growing pigs, vitamin D deficiency results in rickets, whereas in mature swine a deficiency causes diminished bone mineral content (osteomalacia). Among the domestic farm animals tested, baby pigs were born with the least plasma concentration of 25(OH)D 3 , which increased their susceptibility to vitamin D deficiency (Horst and Littledike, 1982) .
Recent experimental evidence suggests that vitamin D may play a role in the maternal-conceptus cross talk (Viganò et al., 2003) . Consequently, the hypothesis of the present study was that dietary vitamin D would influence the number of implanted embryos.
Because of the lack of knowledge regarding vitamin D requirements for gestating and lactating sows, a dose-response trial with 4 doses of both vitamin D 3 and 25(OH)D 3 was established . The purpose of the study was to investigate the nutritional benefits of vitamin D for reproducing female pigs, with special emphasis on bioefficiency of the 2 vitamin D sources in terms of bioavailability, early reproduction, bone status markers, and transfer of vitamin D to the progeny.
MATERIALS AND METHODS
The experiments complied with the guidelines of the Danish Ministry of Justice with respect to animal experimentation and care of animals under study.
Animals and Housing
The swine in the present study were selected from the herd at Research Centre Foulum, The Faculty of Agricultural Sciences, Aarhus University. Swine were housed indoors throughout the study.
Exp. 1. Prepubertal gilts [(Danish Landrace × Danish Yorkshire) and Duroc] were randomly selected (n = 160) from the slaughter pig herd and were housed in groups, with a maximum of 5 gilts per pen (4 × 2.5 m), and pens were located next to a boar to stimulate estrus. The experiment with dietary treatments began when the first estrus was detected, by introducing a boar into the pen, a procedure that was performed daily. Mating was performed 21 d thereafter (at the second estrus) by insemination twice with mixed Duroc sperm from a local AI center (Hatting, Viborg, Denmark).
The gilts were moved to individual pens (3 × 1 m) on the day of the second insemination and were subsequently killed on d 28 of gestation.
Exp. 2. Sows (Danish Landrace × Danish Yorkshire) were selected from among the sow herd and were arranged in 20 blocks with 8 sows/block, corresponding to the 8 treatments/block. The experiment included a total of 160 sows that had completed one reproduction cycle. Within each block, sows had the same breed of sire, had the same number of parities, and were mated with a boar of the Duroc breed. Seven blocks consisted of parity 2 sows, 6 blocks had parity 3 sows, 4 blocks had parity 4 sows, and 3 blocks had parity 5 sows. The experiment began on the day of AI. The mated sows were individually housed in pens during the gestating period, and on d 112 of gestation, the sows were moved to the farrowing section located within the same building. During farrowing and lactation, the sows were housed in individual pens of 2.2 × 2.4 m equipped with farrowing crates 2.4 m in length and of flexible width (0.6 to 0.8 m). Pens had solid concrete floors combined with iron slats in the hind part (1.2 m). The creep or resting area (1.0 × 1.3 m within the pen) for piglets was partly covered with a plastic plate. Heating lamps were provided during the first week after birth. Moderate quantities of straw bedding were provided for sows and piglets.
Dietary Treatments
Two different diets were used in the experiments. Diet 1 was provided during the period from mating to d 28 (Exp. 1) or d 108 (Exp. 2) of gestation, and in Exp. 2, diet 2 was provided during the last part of gestation and during lactation. Composition of the diets is given in Table 1 . The vitamin and mineral premix was prepared without vitamin D (Vitfoss, Gråsten, Denmark). Samples of the diets were obtained, and the contents of DM, CP, crude fat, ash, and crude fiber were determined according to AOAC (1990) procedures. Phosphorus and Ca were analyzed in diets after ashing at 450°C and HCl/HNO 3 treatment. Phosphorus was analyzed as a vanadomolybdate complex by spectrophotometry, and Ca was analyzed by atomic absorption spectrophotometry (Model SP9, Pye Unicam Ltd., Cambridge, UK) as described by Stuffins (1967) .
The animals were fed twice daily and had access to water ad libitum. In Exp. 1, diet 1 was provided individually for the gilts, with 2.5 kg of feed/d given from the first day of estrus until d 28 of gestation (end of the experiment). In Exp. 2, diet 1 was provided, with 2.5 kg of feed/d given from d 1 to 84 of gestation, and with 3.3 kg of feed/d from d 84 to 108 of gestation. Diet 2 was provided, with 2.2 kg (25.5 MJ of NE) given from d 108 to 111 of pregnancy, and around farrowing and at d 1 of lactation, 2.5 kg/d (19.3 MJ of NE) was provided, followed by 3.0 to 3.5 kg (23.2 to 27.0 MJ of NE) on d 2 to 3 postfarrowing. Thereafter, diet 2 was offered semiad libitum during the following 25 d of lactation; that Vitamin D supplementation for gilts and sows is, daily allocations were individually adjusted so that sows were able to empty the trough between feedings. Piglets had access to standard creep feed from 2 wk of age. The creep feed contained the following ingredients (as-fed basis): wheat (32%), barley (32%), toasted soybean meal (14%), low-ash fish meal (12%), skim milk powder (3%), animal fat (5%), monocalcium phosphate (0.56%), sodium chloride (0.18%), and calcium carbonate (0.49%). As described in detail by Lauridsen and Jensen (2005) , the following supplements were added to the diet: amino acids [l-lysine (0.39%)], dl-methionine (0.05%), and vitamin and mineral premix (0.4%), providing a dietary content of 1,000 IU of vitamin D 3 /kg of diet.
The dietary treatments consisted of 2 vitamin D sources, vitamin D 3 (cholecalciferol) and 25(OH)D 3 (Hy·D), at 4 dietary doses for diets 1 and 2. Both sources were provided by DSM Nutritional Products A/S (Basel, Switzerland), and the 25(OH)D 3 content of the Hy·D product was 12.5 mg/g (as stated by the producer). To compare equal vitamin D doses, the dietary doses consisted of 200, 800, 1,400, and 2,000 IU of vitamin D/kg of feed, corresponding to 5, 20, 35, and 50 µg/kg of feed of 25(OH)D 3 (Hy·D). The plant directorate (Lyngby, Denmark) approved the use of Hy·D for sows and gilts in the proposed study before the experiment was initiated. The diets were prepared at the Research Centre Foulum plant, and the vitamin D was mixed with the vitamin and mineral premix before being mixed with the other ingredients. To avoid contamination, the diets containing the least vitamin D (200 IU/kg of vitamin D 3 and 5 µg/kg of Hy·D, respectively) were mixed first, followed by the diets with increasing amounts of the 2 vitamin D sources. Feeds were heat-pressed and pelleted.
Recordings
Exp. 1. The BW of gilts was recorded on the day of estrus, at mating, and on d 28 of gestation. On d 28 (±2 d) of gestation, the gilts were slaughtered at Research Centre Foulum. Samples of the uterine fluid were collected in glass tubes. Blood samples (10 mL) were obtained in heparinized tubes at slaughter from a vena jugularis. Samples were kept on ice until plasma separation by centrifugation (500 × g for 10 min at 4°C) within less than 1 h, and plasma was stored at −80°C until analysis. After the carcasses were eviscer- The mineral and vitamin premix (mg/kg of premix) supplied the following: retinal acetate, 2,200 × 10 3 IU; all-rac-α-tocopheryl acetate, 41,209; α-tocopherol, 37,500; menadione, 550; thiamine, 550; riboflavin, 1,375; pyridoxine, 825; vitamin B 12 , 5.5; d-panthothenic acid, 4,125; niacin, 5,500 ; folic acid, 412.5; biotin, 55; butylated hydroxytoluene, 15,000; Fe (as ferrous sulfate), 25,000; Zn (as zinc sulfate), 25,700; Mn (as manganese oxide), 11,000; Cu (as copper sulfate), 2,500; I (as calcium iodate), 75; Se (as sodium selenite), 75.
3 Mean (SD); percentage of DM and others on a DM basis. According to the feed optimization calculation, the content of digestible lysine, digestible methionine, and digestible cystine of the basal diet were 4.08, 1.44, and 1.77% for diet 1 and 6.91, 2.05, and 2.44% for diet 2.
4 EDOM: enzyme digestibility of OM (Boisen and Fernandez, 1997) . 5 Estimated mainly on the basis of EDOM and results of crude fat, CP, and crude fiber Fernandez, 1995, 1997). ated, the reproductive organs were obtained and the number of ovulations was assessed by counting the corpora lutea and implanted embryos. On the cooled carcass, backfat thickness was measured by a Fat-O-Meter (Slagteriernes Forskningsinstitut, Roskilde, Denmark) at 2 points on the carcass: between the third and fourth lumbar vertebrae (8 cm on a the side, backfat A), and between the third and fourth rib (6 cm on the side, backfat B). In addition, the metacarpals (typical long bones bearing a large amount of weight) were obtained from the left foot after dissection.
Exp. 2. The feed consumption and BW changes of sows were recorded from mating to d 84 of gestation, d 84 to 108 of gestation, d 108 of gestation to farrowing, and weekly during lactation. On 8 blocks of sows, blood samples were obtained on d 8 before expected farrowing and on d 2, 16, and 28 after farrowing. Samples were handled as described above. Recordings on litters involved registration of the size of the litter (registration of live born and stillborn piglets). No cross-fostering took place. Body weight of individual piglets at birth and at weaning, and BW of the total litter at weekly intervals were recorded. In litters suckling sows that had provided blood samples, blood (5 mL) was obtained from a vena jugularis from 3 randomly selected piglets on d 4, 16, and 28 of age. Samples were handled as described above.
Analysis of Blood Samples
Analysis of 25(OH)D 3 in the plasma and uterine fluid was performed by DSM Nutritional Products A/S, and the method was based on an isotope dilution assay using an Agilent 1100 reversed-phase HPLC-mass spectrometry system with a trapping column for quantification. In brief, 25,25,25,26,26,26-hexadeutero-25 (OH)D 3 was added to the samples before extraction and was used as an internal standard. Samples were analyzed directly after protein precipitation with acetonitrile (150:250, vol/vol) and centrifugation.
For quantification, an Agilent 1100 Single mass spectrometer was operated with an atmospheric pressure chemical ionization source in positive mode at unit resolution. The 25(OH)D 3 and the internal standard were detected in selected ion monitoring mode by using the following quasi-molecular ions: 25(OH)D 3 mass, 401.3 amu; and 25(OH)D 3 -d 6 mass, 407.3 amu. The following ion source and other mass spectrometry instrument parameters were used: drying gas at 9.5 L/min at 225°C, spray gas at 745 bar at 250°C, ionization potential at 3,000 V, corona current at 10 µA, and fragmentor at 90 V.
The HPLC system was calibrated by using calibration samples prepared in a 5% aqueous BSA solution. For quality control, commercially available control sera (Chromsystems, Munich, Germany) were used. The lower limit of quantification was 5 ng/mL. The quantification of 25(OH)D 3 in the plasma of sows and piglets was performed by HPLC after saponification and extraction into heptane (Hymøller et al., 2009) .
Samples of blood plasma were analyzed for osteocalcin, bone-specific alkaline phosphatase (BAP), tartrate-resistant acid phosphatase, crosslaps (degradation products of bone collagens), haptoglobin, alkaline phosphatase (AP), inorganic P (iP), Ca, glucose, and C-reactive protein (CRP). Glucose, total AP, iP, and Ca were determined according to standard procedures for the Advia 1650 Chemistry System (Siemens Medical Solutions Diagnostics, Tarrytown, NY). Intra-and interassay CV (%) were, in all instances, below 2 and 4%, respectively, for both low and high control samples. Tartrate-resistant acid phosphatase (EC 3.1.3.2) was determined by using 1-naphthylphosphate as substrate at pH 4.80 in citrate buffer with 80 mM Na 2 -tartrate. Intra-and interassay CV were below 3 and 5%, respectively, for both low and high control samples. Haptoglobin, an acute-phase protein, was determined chemically because of its ability to bind to hemoglobin, using a commercially manufactured assay (Phase, Tridelta Developments, Wicklow, Ireland). Intra-and interassay CV (%) were, respectively, 1.50 and 0.60 for low and high control samples and 0.90 and 2.20 for low and high control samples. Accuracy (% bias) was, correspondingly, −8.5 and +1.0% for low and high control samples. C-reactive protein was determined by turbidimetry by using a commercially manufactured particle-bound polyclonal rabbit anti-human CRP (DakoCytomation, Glostrup, Denmark). Intra-and interassay CV (%) were, respectively, 1.55 and 1.50 for low and high control samples and 2.50 and 3.70 for low and high control samples. Accuracy (% bias) was, correspondingly, −4.1 and −2.7% for certified low and high control samples. The analyses were performed by using an autoanalyzer (Advia 1650 Chemistry System, Siemens Medical Solutions Diagnostics).
The EIA for osteocalcin and BAP were determined according to a commercially manufactured assay (Metra, Quidel Corporation, San Diego, CA). The intra-and interassay CV (%) were below 8.0 and 11.0%, respectively, for both low and high control samples (osteocalcin) and below 2.5 and 7.0%, respectively, for both low and high control samples (BAP). Plasma CrossLaps ELISA (Nordic Bioscience Diagnostics A/S, Herlev, Denmark) was determined according to the instructions of the manufacturer. The intra-and interassay CV (%) were below 3.5 and 10.5%, respectively, for both low and high control samples.
Analysis of Bone Samples
A 3-point bending test was used to determine the mechanical properties of the left metacarpals. Compression force was applied by a 3-point bending rig, using a 500-kg loading cell monitored to a TA-HDi TAHDi Texture Analyzer (Oleinitec, Tåstrup, Denmark). The bones were placed on a flat custom-made probe Vitamin D supplementation for gilts and sows that was flexible in size. The compression speed was 0.5 mm/s. The bone-breaking point was detected and recordings of force (kg) and displacement (mm) were obtained and are given as bone strength (kg) and bonebreaking point (mm).
The Ca and P contents of the whole bones were analyzed after a preceding destruction of OM. Samples of the whole bones were then dry-ashed in silica crucibles at 525°C for 6 h, and ashes were subsequently dissolved in 6 N HCl. Calcium was analyzed by atomic absorption spectrometry, and P was analyzed by the vanadomolybdate colorimetric procedure (Stuffins, 1967) .
Statistical Methods
The statistical analysis of data was accomplished by using the MIXED procedure (SAS Inst. Inc., Cary, NC). In Exp. 1, the effects of dietary form and dose of vitamin D were analyzed according to the following model:
where Y fd denotes the independent variable for the form (where f = vitamin D 3 and Hy·D) and dose (where d = 1, . . . 4), respectively. The variable µ represents the overall mean of the observations, ε fd is the normally distributed residual error, and α f and β d are the systematic effects of dietary form and dose of vitamin D, respectively. The experimental unit was the pig. For some performance variables, BW at estrus was included in the model as a covariate. Initially, the interaction between form and dose was included in the model, but this interaction was not statistically significant for any responses and was therefore excluded from the model. In Exp. 2, parity was the whole-plot treatment, and each of the parities (plots) consisted of a certain number of blocks (subplots), as described above. Within each block, there were 8 treatments (subplots). Hence, the data were analyzed by SAS according to the following model:
where Y pfdbs is the dependent production variable, µ represents the overall mean of the observations, α p is the systematic effect of parity (2, 3, 4, and 5), and β f and γ d are the systematic effects of dietary form and dose of vitamin D, respectively [and (αβ) pf , (βγ) fd , and (αγ) pd , and (αβγ) pfd are the corresponding interactions]. The variables U b and U bs denote the normally distributed random block effect and sow within block effect, respectively, and ε pfdbs are the normally distributed residual errors. The experimental unit was the sow within block. With regard to analysis of data obtained from blood, the effect of sampling day was included in the model, and effect of parity was excluded because analysis was performed on selected blocks:
where Y bsdft is the dependent blood variable, µ represents the overall mean of the observations, α d and β f are the effects of dietary dose and form of vitamin D, respectively, γ t is the effect of time of sampling (and corresponding interactions), U b and U bs denote the normally distributed random block effect and sow within block effect, respectively, and ε bsdft are the normally distributed residual errors. For the analyses of piglets, the interaction terms were not significant and only the main effect model was used. Results of the statistical analysis are presented for the dietary treatments and time (days), and results are given as least squares means and SE. The systematic effect of dose of vitamin D is reported in terms of IU of vitamin D. Multiple mean comparison tests were adjusted for multiplicity by using the Bonferroni-Holm procedure (Holm, 1979) to control the family-wise error rate.
RESULTS
Analyses of the vitamin D 3 and Hy·D contents in feed were determined for every batch of feed (DSM Nutritional Products A/S, 2005). The analyzed concentrations in the diets were very close to the formulated amounts (Table 2) .
Performance and Reproduction
The gilts in Exp. 1 performed well, and all feed was eaten (2.5 kg/d) during the experimental period. Body weight changes and backfat thickness were not influenced by dietary vitamin D but were dependent on the BW at estrus (Table 3) . Thirty-five of the 160 animals were observed as not pregnant (no appearance of a fetus in the uterus) at d 28 of gestation. No influence of dietary form or dose of vitamin D could be seen with regard to the early reproductive measurements (i.e., average number of fetuses, average number of eggs in pregnant pigs, or percentage of implanted fetuses in Exp. 1; Table 3 ).
The results of Exp. 2 showed that total and daily feed intake of sows during lactation were influenced by an interaction between parity, form of vitamin D, and dose of vitamin D. As seen in Table 4 , there was a decrease in feed intake with increasing dietary doses of vitamin D 3 , but the effect was mainly observed for parity 4 and 5 sows. In addition, reduced feed intake was observed in sows (except parity 3 sows) when 20 µg rather than 5 µg of Hy·D/kg was fed. The major difference in feed intake between the vitamin D forms at the greatest dose occurred for parity 5 sows (with Hy·D greater than vitamin D 3 ). No influence of dose and form of vitamin D was obtained for BW changes in the sows. The number of stillborn piglets was less (P = 0.03, SE = 0.40) with the larger doses of vitamin D (1,400 and 2,000 IU, giving 1.17 and 1.13 stillborn piglets per litter, respec-tively) compared with the smaller doses of vitamin D (200 and 800 IU, giving 1.98 and 1.99 stillborn piglets per litter, respectively). In addition, a significant interaction (P = 0.02) between parity, form of vitamin D, and dose of vitamin D was obtained with regard to the number of total piglets born; however, no influence of dietary treatments was obtained on the number of suckling (live born) piglets per litter. The performance of the litter from birth to weaning was not influenced by the dietary treatments, but the litter BW after wk 2 was affected by the dose of vitamin D (Table 4) . It should be noted that in total, 214 sows were enrolled in the experiment, 54 of which were withdrawn from the experiment because of lack of pregnancy, abortion, or a broken leg. No statistical effect of dietary treatments was obtained with regard to the failure of the given sows to complete the experiment. 
Bioavailability of Vitamin D

Bone Conditions
In the gilt trial (Exp. 1), the ultimate strength of the bones and their content of ash was greater (P = 0.01) when vitamin D 3 rather than Hy·D was supplemented (Table 5 ). An interaction (P = 0.02) between form and dose of vitamin D was observed with regard to the content of Ca in bones (Table 5) . No influence of dietary vitamin D treatments was found on plasma or bone concentrations of P, on plasma concentrations of Ca, or on concentrations of AP in the gilts.
In sows (Exp. 2), lactation day, rather than dietary vitamin D, influenced the plasma concentrations of osteocalcin, Ca, and iP as well as the activities of the bone-related enzymes total AP, BAP, and tartrateresistant acid phosphatase (Table 6 ). With regard to the concentration of crosslaps (degradation products from bone collagen), an interaction (P = 0.001) between dietary form of vitamin D and sampling day was obtained; greater concentrations of crosslaps were present on d 28 of lactation, when vitamin D 3 , rather than Hy·D, was fed (Figure 3) .
No effect of dietary sow treatment was obtained with regard to plasma concentrations of glucose, haptoglobin, and iP, and the activities of AP and tartrateresistant acid phosphatase in piglets. However, these variables were influenced by the age of the piglets at 
DISCUSSION
In the present study, no difference between dietary vitamin D 3 and Hy·D was obtained in terms of BW changes in the gilts and sows. Accordingly, when comparing replacement of vitamin D 3 with Hy·D in feed for slaughter pigs at a dietary dose of approximately 2,000 IU/kg, no influence was seen on productivity . Several publications (Soares et al., 1995; Ward, 1995; Bar et al., 2003) have suggested that 25(OH)D 3 might improve the BW gain and feed efficiency of poultry. Interestingly, our results seemed to indicate a greater daily feed intake for the sows during lactation when they were fed the smallest dose of vitamin D. However, interpretation of the results is difficult because the total feed intake and the number of lactation days were affected by parity and by the form and dose of vitamin D.
Normal implantation and placentation are critical for a successful pregnancy. In swine, approximately 40% of fertilized eggs (embryos) are lost before term. This loss can be attributed to essential features of implantation, which require a functionally normal conceptus, a receptive endometrium, and a communication link between them. Several reports have shown that various reproductive organs contain vitamin D receptors, and that vitamin D is important for their normal functioning (as Table 3 Sows were restricted fed during gestation, and all feed was eaten.
4
Number of suckling piglets was used as a covariate.
5
Significant interactions of parity × form × dose were obtained (P = 0.001), and a significant effect of the covariant (P < 0.001).
6 A significant interaction of parity × dose was obtained (P = 0.038). For parity 2, the 200-IU dose resulted in a longer lactation period than for other doses.
7
Significant interactions of parity × form × dose were obtained (P = 0.009), and a significant effect of the covariant (P < 0.001).
8
Significant interactions of parity × form × dose were obtained (P = 0.02).
9
Dose effect: effects of the 200-IU (P < 0.05) and 800-IU (P < 0.01) doses were greater than those of the 1,400-and 2,000-IU doses.
10
The 800-IU dose resulted in greater BW than the 200-IU dose (P = 0.01).
Vitamin D supplementation for gilts and sows reviewed by Lal et al., 1999) . Recent experimental evidence suggests that vitamin D may play a role in this maternal-conceptus cross talk (Viganò et al., 2003) . For instance, female fertility seems to be markedly reduced in vitamin D-deficient murine models (Viganò et al., 2003) . There is a paucity of data on the effect of dietary doses and forms of vitamin D on the reproductive performance of livestock. Although the present study found no clear effect of the dietary form or dose of vitamin D with regard to early reproduction in terms of number of implanted fetuses in gilts or the reproductive performance of sows in terms of litter size, the smaller number of piglets born dead in sows receiving elevated (1999) , abandoning the older criterion of the absence of disease as the definition of nutritional adequacy. As expected from previous studies in swine (Wilborn et al., 2004) and humans (Heaney et al., 2003) , plasma 25(OH)D 3 reflected the dietary dose of vitamin D. Vitamin D deficiency in humans is defined as values below 25 nmol/L (Mosekilde, 2005) , and to obtain this plasma concentration, more than 1,400 IU of vitamin D 3 /kg of feed was necessary. However, the increase in plasma 25(OH)D 3 was much more noticeable when Hy·D, rather than vitamin D 3 , was the source when considering doses above 200 IU, meaning that 20 µg of Hy·D/kg of feed was enough to prevent vitamin D deficiency. Jakobsen et al. (2007) concluded that the effects of 25(OH)D 3 and vitamin D 3 should be regarded as equal in the diets of pigs when considering plasma 25(OH)D 3 . That study used the same dose of vitamin D for an adequate time period and the authors observed that serum 25(OH)D 3 achieved a steady state. Furthermore, the authors assumed an application period of 16 wk to reach a steady state, to be adequate in pigs. However, from the present sow study, it can be deduced that the vitamin D status was influenced by the source of vitamin D after a feeding period of 16 wk. This observation was actually expected because of existing knowledge from other animal species, such as broiler chickens (Bar et al., 1980) , in which 25(OH)D 3 was absorbed in the intestine better than vitamin D 3 . Actually, our data on both gilts and sows showed that above a dietary dose of 200 IU, the vitamin D status was increased by a factor of 2 to 3 when Hy·D, rather than cholecalciferol, was the dietary source. Assuming that the human border- Both pregnancy and lactation induce a series of hormone-mediated adjustments in the maternal bone and in Ca metabolism. In the present study, the bone status markers analyzed in sows were influenced by physiological state rather than nutrition. During lactation, the Ca demands are greater than during pregnancy (Zeni et al., 1999) . This implies that the process of intestinal Ca absorption is adaptable, and this is mainly orchestrated by the effects of vitamin D on the endocrine system (Lal et al., 1999) . This, in turn, may explain the greater vitamin D status in sows as lactation progressed. Surprisingly, and in contrast with the study of Goff et al. (1984) , the plasma concentration of 25(OH) D 3 in piglets was very small and was not detectable in most piglets. Reasons for the discrepancy may be the difference in provision of cholecalciferol, which was injected intramuscularly (5 million IU) in the study by Goff et al. (1984) . Unfortunately, we were not able to analyze the concentration of vitamin D in the sow milk, but the concentration of 25(OH)D 3 in milk from cows is known to increase with cholecalciferol treatment before parturition (Hollis and Lambert, 1983) . Conversely, a recent human study demonstrates that because of poor (Kovacs, 2008) . This may also be true for the sow and its progeny.
Increasing dietary concentrations of Ca in diets for growing pigs only slightly affected bone markers in the blood (Larsen et al., 2000) ; therefore, we did not expect to observe notable differences between dietary treatments in the present study for the plasma bone markers analyzed. However, the time of blood sampling in Exp. 2 led to some interesting observations. For the sow, the requirements for Ca and P are greatest in late gestation and during lactation, when these minerals are needed for fetal development and for the production of milk (Close and Cole, 2001 ). The diets were designed to contain adequate amounts of Ca and P, and although a slight decrease in the plasma concentrations of Ca and P was observed in the sows, the concentrations of plasma Ca and P always stayed within the normal reference range (Friendship et al., 1984) . In accordance with previous studies (Liesegang et al., 2005) , the bone formation markers BAP (and total AP) and osteocalcin decreased at the onset of lactation, whereas bone resorption markers (crosslaps) increased. This may be explained by the acute increase in demand for Ca at the initiation of lactation, which leads to an acceleration of bone resorption. To relocate Ca for the milk and the body, bone formation is decreased. Although the difference in absolute numbers may not be of physiological importance, it should be noted that sows fed the vitamin D 3 had greater concentrations of crosslaps on d 28 of lactation, but had slightly decreased plasma Ca concentrations compared with sows fed Hy·D. This might indicate a greater bioactivity or a reduced activity at the intestinal level of vitamin D 3 to satisfy the increased demand for Ca at this stage of lactation. In the gilt trial, we observed increased bone ash and Ca as well as improved bone strength when the animals were fed vitamin D 3 rather than Hy·D; however, the difference in absolute numbers was probably not physiologically relevant.
It has been stated previously (Mahan and Vallet, 1997 ) that if sows receive inadequate Ca and P concentrations with the diet, the concentrations of these elements are not affected in the fetus or the milk, but bone demineralization in the sow will occur (Liesegang et al., 2005) . The observed slight decrease in plasma Ca and P of piglets from d 16 to 28 of age might indicate withdrawal for bone deposition. The decrease in AP in piglets as the suckling period progressed is well known from studies in other animal species (Kramer and Hoffmann, 1997) . As expected from the study by Goff et al. (1984) , the plasma concentrations of Ca and P in piglets were not dependent on the plasma concentrations of these minerals in the sow. It was therefore surprising to observe that plasma Ca concentrations in the piglets were somehow affected by the dietary dose of vitamin D to the sow. More research should be performed on the relationship between sow and progeny with regard to vitamin D status and plasma Ca.
Haptoglobin is an acute-phase protein in humans and other species (Martin et al., 2005) , and was analyzed in the present study to assess the health status of the piglets. Increased quantities of this protein can be found in pigs undergoing bacterial infections or inflammation. Thus, the minimal concentration of haptoglobin in plasma of the piglets and the lack of detectable CRP values in the plasma may indicate that the piglets were not suffering from serious infections. The concentration of glucose in the plasma of piglets was within the normal range reported by Friendship et al. (1984) .
In conclusion, although the results of the present study did not show any major differences between dietary treatments in terms of performance, reproduction, and bone status markers of gilts and sows, the smaller number of stillborn piglets and the greater vitamin D status may indicate that a dietary concentration of approximately 1,400 IU of vitamin D is recommended for reproducing swine. The potency of the dietary Hy·D in relation to vitamin D 3 depended on the amount tested, but above 200 IU, Hy·D was more bioavailable than vitamin D 3 and, as such, could been considered an equivalent or even more advantageous source of vitamin D. The lactation stage of sows and the age of the suckling piglets influenced the bone status markers measured. Irrespective of the dietary dose and form of vitamin D provided the sows, very little vitamin D was transferred to the progeny. Suckling piglets without exposure to sunlight may need a vitamin D supplement. Interaction between dose and day of age (P = 0.057).
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